The Seto Inland Sea is an appropriate place for offshore wind power generation due to its features of vast shallow waters, numerous islands, calm ocean waves, steady breeze circulation and so on. In this study, offshore wind energy potential in the Seto Inland Sea is estimated based on the wind prediction data of LAWEPS, and the sea areas appropriate for offshore wind power generation are extracted by means of GIS analysis considering the constrained conditions such as wind speed, water depth, natural parks and ship lanes. The results of the estimation show that the maximum annual power generation is 247 TWh and the minimum is 32 TWh. In particular, the Suo-Nada area near the Kanmon Channel seems to be highly promising as the offshore wind power generation site.
INTRODUCTION
Recently the development of wind energy resource has been increasing globally. In particular, offshore wind energy appears very promising because the wind condition is more stable and the wind speed is much higher than onshore. Japan is surrounded by oceans and the total extension of its coastlines is the second longest in the world. This means that abundant wind energy resource lies unused around us. However, shallow waters appropriate for offshore wind turbine construction are limited around Japan. In addition, Japanese fishery industry is very active, and thus conflictions with the fishery industry are likely to occur during the construction and the operation phases of offshore wind farms.
The Seto Inland Sea has not been considered as the appropriate place for wind power generation. However, it has many advantages for offshore wind power generation such as vast shallow waters of 30m average depth, numerous islands where the wind speed is as high as offshore, calm ocean waves, steady breeze circulation and so on. Considering such circumstantial advantages of the Seto Inland Sea, we have proposed "Offshore Wind Farm Plan for Seto Inland Sea" 1) . This conceptual plan aims to provide not only clean energy resource but also various circumstantial benefits to activate the local societies around the Seto Inland Sea.
In this study, offshore wind energy potential in the Seto Inland Sea is estimated based on the wind prediction data of LAWEPS 2) . In addition, the sea areas appropriate for offshore wind power generation are extracted considering the constrained conditions such as wind speed, water depth, natural parks and ship lanes
ESTIMATION METHOD (1) Consideration of constrained conditions
Geographical Information System (GIS) 3) is used to investigate the sea areas appropriate for offshore wind power generation in the Seto Inland Sea. As the constrained conditions to extract the appropriate sea areas from the whole area of the Seto Inland Sea, the water depth, the annual mean wind speed, the natural park areas and the ship lanes are considered in the GIS analysis. The distribution maps of the water depth, the annual mean wind speed, the natural park and the ship lanes in the Seto Inland Sea are shown in Fig.1 .
In order to construct offshore wind turbines, shallow waters less than 30m are necessary. It is found that the shallow water areas less than 30m occupy approximately 70% of the whole sea area and even those less than 20m are more than 50% in Fig.1(a) . There are many shallow waters appropriate for the offshore wind turbine construction in the Seto Inland Sea.
The annual mean wind speed distribution at 70m height above the sea level in Fig.1(b) reveals that the wind speed is high in the eastern and western part of the Seto Inland Sea and relatively lower in the central area. From the viewpoint of economical feasibility, the sea areas of the annual mean wind speeds higher than 5m/s and 6m/s are extracted in the GIS analysis.
The natural park areas in Fig.1(c) are widely distributed in the central area of the Seto Inland Sea, and then they do not overlap with the high wind speed areas. The natural park is classified into the four categories, which are the special protection zone (SP), the first class area (C1), the second class area (C2), the third class area (C3) and the normal class area (CN). Most of the natural park areas in Fig.1(c) belong to the normal class area. The ship lanes are few and lie linearly in Fig.1(d) , and hence they are likely to have negligible effects on the wind turbine installation.
(2) Calculation of electric power production
Annual electric power production P W of a wind turbine is calculated as
where 8760 is the total number of hours in a year. P(V) is the possible power generation of a wind turbine at the wind speed of V. P(V) is obtained from the power curves shown in Fig.2 . In this study, three scales of wind turbines with the rated power of 600kW, 1500kW and 2500kW are employed. f(V) is the occurrence ratio of the wind speed V, and it is described by the following Weibull distribution function.
where the Weibull coefficients k and c are given by the wind prediction data of LAWEPS.
Assuming that the wind turbines of 70m height above the sea level are placed at intervals of 520m, total electric power production is estimated by the summation of each power production of the wind turbines. In order to evaluate the economic feasibility, the capacity factor F C of a wind turbine with the rated power RP is calculated as follows. 
(3) Calculation of power generating cost based on underwater substructure
In general, the construction costs of offshore wind turbines are higher than those of onshore wind turbines. This is due to the high-cost underwater substructures of offshore wind turbines. The construction costs of the underwater substructures depend on the water depth. Accordingly, the construction cost C S of the underwater substructure is calculated as a function of the water depth, and then the power generating cost C G based on the underwater substructure is evaluated as Table 1 Suo-Nada
Iyo-Nada

Kanmon Channel
Awaji Island
ESTIMATION RESULTS
(1) Possible electric power production Possible annual electric power production is estimated in the whole area of the Seto Inland Sea and the partial areas extracted from the whole area based on the various combinations of the forementioned constrained conditions. The estimation results employing the wind turbine with the rated power of 1500kW are shown in Table 1 . In this table, possible annual electric power productions of each case and their ratios to 55.4TWh, which is the annual electric power supply of the whole Chugoku district in the fiscal 2003, are listed. Fig.3 shows the distribution maps of the possible annual electric power productions corresponding to the representative cases in Table 1 . The colored areas in Fig.3 indicate the sea areas extracted under the constrained conditions in Table 1 , and the blanked ones are the excluded areas.
Case1, which is the case without any constrained conditions, reveals that the possible electric power production in the whole Seto Inland Sea exceeds 400% of the electric power supply of the Chugoku district. This means that extremely abundant wind energy lies as unused energy in the Seto Inland Sea.
Case3 and Case16 show that the possible electric power productions limited in the shallow waters decrease approximately to 60% and 40% of Case1, respectively. However, they exceed 200% of the electric power supply of the Chugoku district, and the wind energy potential is still high.
The sea areas where the annual mean wind speeds are higher than 5m/s occupy approximately 70% of the whole sea area, while those higher than 6m/s drastically decrease to 30%. Accordingly the possible electric power production of Case30 also decreases considerably compared to Case29. This difference can also be recognized from the comparison between their distribution maps in Fig.3 .
These results indicate that the wind speeds are less than 6m/s in most areas of the Seto Inland Sea, and hence active utilization of the wind energy with 5m/s level is very important.
Although the natural park areas, which are distributed in the central area of the Seto Inland Sea, do not overlap with the high wind speed areas, they overlap with many sea areas with the wind speeds of 5m/s level. This can be recognized from the differences of the possible electric power production between Case4, Case9, Case10 and Case15 or between Case17, Case22, Case23 and Case28.
Case28 shows the result of the strictest combination of the constrained conditions, and thus most areas of the Seto Inland Sea are excluded as shown in Fig.3 . However, its possible electric power production can satisfy almost 60% of the electric power supply of the Chugoku district. From the comprehensive perspective, the Suo-Nada area near the Kanmon Channel seems to be highly promising as the offshore wind power generation site.
(2) Economic feasibility Fig.4 shows the distribution maps of the possible annual electric power production employing the wind turbine with the rated power of 600kW, 1500kW and 2500kW, and their capacity factors are shown in Fig.5 . Although the possible electric power production increases according to the scale of the rated power, the capacity factor is the highest at the rated power of 1500kW. This is because the wind turbine with the rated power of 1500kW has relatively higher output performance than the other wind turbines in the low wind speeds as shown in Fig.2 . These results mean that the installation of extremely larger-scale wind turbines could lead to excessive facility investment although the larger-scale wind turbines can generate more energy.
It is important to employ the appropriate scales of wind turbines considering the wind conditions at the wind power generating sites. As shown in Fig.5 , the capacity factors exceed 20% ~ 30% in the sea areas from the Suo-Nada to the Iyo-Nada and near Awaji Island. Fig.6 is the distribution map of the power generating cost based on the underwater substructure when the wind turbine with the rated power of 1500kW is employed. In Fig.6 , the sea areas deeper than 30m are excluded because it is difficult to construct underwater substructures at such deep water sites. The power generating cost is predictably low in the Suo-Nada area due to its good wind conditions and vast shallow waters. It is found that the power generating cost is significantly low particularly along the coastline from the Kanmon Channel to Ube City in Yamaguchi Prefecture. Also in the sea area around the Awaji Island, the power generating cost is low due to its high wind speed. In addition, although the wind speeds are low, the power generating costs are low in the coastal area from Osaka Prefecture to Hyogo Prefecture and the sea areas between Okayama Prefecture and Kagawa Prefecture due to their vast shallow waters. On the contrary, the Iyo-Nada area, where the wind speed is as high as the Suo-Nada area, is excluded in Fig.6 because the water depth is much deeper than 30m.
CONCLUSIONS
In this study, offshore wind energy potential in the Seto Inland Sea is estimated based on the wind prediction data of LAWEPS, and the sea areas appropriate for offshore wind power generation are investigated by means of GIS analysis considering the constrained conditions such as wind speed, water depth, natural parks and ship lanes.
Assuming that the wind turbines with the rated power of 1500kW and the height of 70m above the ground are placed at intervals of 520m, possible annual electric power production was estimated at 247TWh in the whole Seto Inland Sea. This power production corresponds to more than 400% of the electric power supply in the Chugoku district. Moreover, it was estimated at 32TWh, which corresponds to 60% of the electric power supply in the Chugoku district, even under the strictest constrained conditions. Although the Seto Inland Sea has been regarded to be inappropriate place for wind power generation, these results imply that the offshore wind energy in the Seto Inland Sea is highly promising as an alternative energy source to fossil fuels. There are many shallow waters less than 20 -30m in the Seto Inland Sea. It is found that the wind energy in these shallow waters corresponds to more than 200% of the electric power supply in the Chugoku district.
The sea areas where the annual mean wind speeds are higher than 5m/s occupy approximately 70% of the whole sea area, while those higher than 6m/s drastically decrease to 30%. This means that the wind speeds are less than 6m/s in most areas of the Seto Inland Sea, and hence active utilization of the wind energy with 5m/s level is very important.
According to the distribution of the power generating cost based on the underwater substructure of the offshore wind turbine, the power generating cost is low in the Suo-Nada area due to its good wind conditions and vast shallow waters. Also in the sea area around the Awaji Island, the power generating cost is low due to its high wind speed. In addition, although the wind speeds are low, the power generating costs are low in the coastal area from Osaka Prefecture to Hyogo Prefecture and the sea areas between Okayama Prefecture and Kagawa Prefecture due to their vast shallow waters. On the contrary, the Iyo-Nada area, where the wind speed is as high as the Suo-Nada area, is not appropriate for offshore wind power generation because the water depth is much deeper than 30m and then it is difficult to construct offshore wind turbines.
From the comprehensive perspective, the Suo-Nada area near the Kanmon Channel seems to be highly promising as the offshore wind power generation site.
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